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Abstract 
Variability in recruitment and early life-history traits is widespread in many marine 
organisms.  Phenotypic variation is particularly prevalent in the early life-history stages 
(e.g., larvae and juveniles) of reef fish, and provides the basis for selective mortality on 
growth and size-related traits, with important ecological and evolutionary 
consequences. Recruitment variability can alter the effective densities experienced by 
these early life stages, raising additional questions about the interplay between 
selection and density-dependent processes.  While many examples of growth- and size-
selective mortality have been documented for young reef fish (typically caused by 
predators), few studies consider how the strength and/or direction of selective mortality 
changes with ontogeny, or how these patterns may be mediated by density.  I explore 
spatio-temporal variability in early life-history traits of the common triplefin, 
Forsterygion lapillum, using metrics derived from otoliths (a re-analysis of two 
previously collected data sets).  I evaluate patterns of variation in traits with respect to 
early life-history stage (either larvae or post-settlement juveniles) and document shifts 
in the distributions of traits that are consistent with selective mortality favouring slower 
growing individuals.  I conclude that a cohort of juveniles (sampled after settlement) was 
comprised of individuals that were smaller at hatch and grew slowly throughout the 
pelagic larval period relative to a cohort of larvae (sampled prior to settlement).  I then 
conducted an experiment using a set of mesocosms to evaluate whether selective 
mortality on early life-history traits in common triplefin could be caused by a natural 
predator, the variable triplefin, Forsterygion varium.  Specifically, I exposed groups of 
fish of each stage to a pair of predators and I used otoliths to reconstruct the traits of 
fish that survived versus fish that were consumed (i.e., I recovered otoliths from the guts 
of predators). Selection trials were conducted across realistic density gradients for each 
developmental stage.  Fish size was negatively correlated with relative fitness for larvae 
(indicating larger fish were consumed preferentially by predators) but not for juveniles 
(where no size-selective mortality was observed).  These patterns were consistent 
across the range of densities evaluated.  Both larvae and juveniles experienced 
significant selection against fast larval growth (estimated from growth increments in 
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otoliths), and the strength of selection was inversely related to density (i.e., strongest at 
lower densities, weakest at higher densities).  However, juveniles also experienced 
selective predation for fast growth at the larval-juvenile transition.  As with larval 
growth, selection was strongest at lower densities and weakest at higher densities.  
Collectively, these results suggest that predators may preferentially target larger larvae, 
and faster growing individuals regardless of developmental stage.  However, this effect 
may be mediated by density, such that the strongest selection occurs during low 
recruitment.  Density-dependent selection could explain how faster growing individuals 
can survive this vulnerable stage.  These results provide evidence for carry-over effects 
of larval growth on juvenile survival, and suggest conspecific density should be 
considered when evaluating patterns of selective mortality. 
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Chapter 1 -  General introduction 
 
Many marine organisms have a bipartite life cycle with a distinct benthic adult and 
pelagic larval stage (Thorson 1950, Roughgarden et al. 1988, Kaufman et al. 1992, 
Bonhomme and Planes 2000, Cowen and Sponaugle 2009, Marshall et al. 2012, Kimirei 
et al. 2013).  Mortality during the larval stage is extremely high (Leak and Houde 1987, 
Gosselin and Qian 1997, Hunt and Scheibling 1997); predation and starvation are 
considered the two most important sources of mortality for fish eggs and larvae (Leak 
and Houde 1987, Bailey and Houde 1989, Leggett and Deblois 1994, Bachiller et al. 
2015).  Dispersal and survival of larvae are important for determining larval supply, 
which in turn is important for recruitment strength (Roughgarden et al. 1988, Jones 
1990, Grosberg and Levitan 1992, Caley et al. 1996, Swearer et al. 1999, Hixon et al. 
2012, Neumann et al. 2014), adult population densities (Hixon 1998, Hare 2014), and 
demographic and genetic connectivity (Kritzer and Sale 2004, Hauser and Carvalho 2008, 
Shima et al. 2010, Le Corre et al. 2015, Shima et al. 2015).  Predicting recruitment 
variability remains a central focus for both fundamental and applied ecological studies 
(Bjørnstad et al. 1999, Siegel et al. 2008, Whitten et al. 2013, Bastrikin et al. 2014, Hare 
2014), and may improve management of marine stocks. 
1.1 - Causes of variability in recruitment rates and phenotypic traits 
 
Understanding recruitment variability has been the driving goal for fisheries science 
over the past century (Hjort 1914, Caley et al. 1996, Bjørnstad et al. 1999, Bastrikin et 
al. 2014).  Larval supply is driven by both the quantity and quality of individuals, which 
in turn is influenced by parental effects, developmental environments, and mortality 
during early life stages (reviewed in Fogarty et al. 1991, Miller et al. 1991, Sponaugle et 
al. 2002, Lecchini 2003, Houde 2008, Siegel et al. 2008, Hare 2014).  Reproductive output 
of adults is an obvious starting point when considering larval variability.  Timing of 
reproduction, as well as the number and condition of eggs produced are known to 
influence the survival of eggs and larvae immediately after hatching (Hjort 1914, 
Blanchard et al. 2003, Huss et al. 2007, Donelson et al. 2008, Maddams and McCormick 
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2012, Donelan and Trussell 2015, Moore et al. 2015).  The condition of both mother and 
father will also play a role in determining success of offspring (Kerrigan 1997, Berkeley 
et al. 2004, McCormick 2006, Hixon et al. 2014, Saenz-Agudelo et al. 2015).  Marine 
organisms exhibit substantial phenotypic plasticity in response to environmental 
factors, such as temperature and food (Blaxter and Holliday 1963, Fisher and Pearcy 
1988, Booth and Hixon 1999, Beukema and Dekker 2014) and other abiotic conditions 
(Sponaugle and Pinkard 2004a, b, Sponaugle and Grorud-Colvert 2006, Chaparro et al. 
2014, Delorme and Sewell 2014).  Developmental trajectories will be influenced by these 
conditions (Cushing 1975, Hadfield and Strathmann 1996, Baumann et al. 2006, Shima 
and Swearer 2016), and dispersal (be it active or passive) will determine which 
environments individuals will encounter (Lough et al. 2005, Cowen and Sponaugle 2009, 
Boucher et al. 2013, Petrik et al. 2014, Pfaff et al. 2015).  The interaction between 
organisms and their environment will determine success, and so phenotypic traits will 
determine quality of an individual.  As such, the environment larvae develop in can have 
significant impacts on survival and recruitment strength (Pepin 1991, Campana 1996, 
Jenkins and King 2006, Shima and Swearer 2009a, b, Bauer and Miller 2010, Shima and 
Swearer 2010, Boucher et al. 2013, Johnson et al. 2014). 
Growth and morphology of poikilothermic organisms are strongly regulated by 
temperature and food availability (Fisher and Pearcy 1988, Houde 1989, Hovenkamp 
1990, Houde and Zastrow 1993, McCormick and Moloney 1995, Grorud-Colvert and 
Sponaugle 2011, Fouzai et al. 2015, Günther et al. 2015), and recruitment strength has 
also been linked to sea surface temperature and plankton production (Campana 1996, 
Beaugrand et al. 2003, Platt et al. 2003, Durant et al. 2007, Castonguay et al. 2008).  
Anderson (Anderson 1988) synthesised the hypotheses concerning links between 
growth, size and recruitment strength into one ‘growth-mortality’ hypothesis.  This 
hypothesis consists of two main concepts: 1) larger individuals are less susceptible to 
size-selective mortality (via starvation and predation) and 2) faster growing individuals 
are cumulatively less vulnerable to size-selective mortality as they can attain a size-
refuge more quickly.  Bailey and Houde (Bailey and Houde 1989) proposed predators as 
the agent of selective mortality on these traits during early life stages.  The growth-
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mortality hypothesis originally garnered considerable support (e.g., Post and 
Prankevicius 1987, Miller et al. 1988, Pepin et al. 1992, Cargnelli and Gross 1996, Hare 
and Cowen 1997, Sogard 1997), but many studies have also found little or opposing 
evidence for the positive effects of size and growth on survival (e.g., Good et al. 2001, 
Munch and Conover 2003, Biro et al. 2004, Holmes and McCormick 2006, Biro and Post 
2008, Carlson et al. 2008, Holmes and McCormick 2009, Fontes et al. 2010, Sponaugle 
et al. 2011).  The relationship between growth rates and recruitment strength is not 
always consistent (Booth 1995, Meekan and Fortier 1996, Suthers 1998, Sponaugle et 
al. 2006, Robert et al. 2007, Grorud-Colvert and Sponaugle 2011, Rankin and Sponaugle 
2011b) and there is still considerable variation in findings between studies.  Regardless 
of the cause, there is substantial variation in recruitment strength and the phenotypes 
of settlers. 
1.2 - Consequences of variability in recruitment rates and phenotypic traits 
Larval growth is often positively correlated with recruitment (e.g., Bergenius et al. 2002, 
Wilson and Meekan 2002, Jenkins and King 2006, Fontes et al. 2010), but determining 
the causal mechanism behind these patterns is difficult.  Growth and size are clearly 
linked, and size-selective mortality at settlement may limit the number of recruits at a 
site.  Predators have been identified as the leading cause of mortality for many reef fish 
(Doherty and Sale 1985, Shima 2002, Steele and Forrester 2002, Webster 2002, Doherty 
et al. 2004), with upwards of 50% of newly settled fish removed within the first few days 
(Planes and Lecaillon 2001, Almany and Webster 2005, Heinlein et al. 2010).  Because of 
this extreme bottleneck and the variability in relative fitness of individuals at settlement, 
predation has the potential to be selective on growth or size traits.  Selective predation 
has been shown to structure prey populations in many other systems (Paine 1974, 1976, 
Carr et al. 2002, Bodin et al. 2012, Castorani and Hovel 2015), and can play an important 
role in shaping the phenotypes and life-history patterns of prey (Reznick 1982, Reznick 
and Endler 1982, Reznick 1989, Reznick et al. 1990, Conover and Munch 2002, Day et al. 
2002, Losos et al. 2004, Perez and Munch 2010, Davenport et al. 2014, Bijleveld et al. 
2015).  In some instances, smaller larvae or juveniles are removed from the cohort 
(Planes and Lecaillon 2001), and fast growth is beneficial.  However, as fast growth and 
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enhanced development may result in larvae settling younger and smaller (Fontes et al. 
2010, Rankin and Sponaugle 2014), size selection for larger individuals may favour 
slower growing individuals.  Size can play an important role in determining social 
structure for reef fish, and access to food or refuge may be monopolised by larger 
individuals (Nicieza and Metcalfe 1999, Booth and Beretta 2004).  If smaller individuals 
are unable to feed effectively and are also consigned to riskier habitats, then mortality 
will be selective on smaller individuals (leading to a negative correlation between 
mortality rates and fish size).  Alternatively, increased foraging rates can enhance 
predation risks, resulting in selection against larger or faster growing individuals 
(Billerbeck et al. 2001, Lankford et al. 2001, Munch and Conover 2003, Stoks et al. 2005, 
Sundström et al. 2005).  As fish body condition (e.g. weight or lipid content) and growth 
can be correlated (Hamilton 2008, Hamilton et al. 2008), growth-selective mortality can 
occur if predators select for (Booth and Hixon 1999, Booth and Beretta 2004, Grorud-
Colvert and Sponaugle 2006, Johnson 2008) or against (Hoey and McCormick 2004, 
Dibattista et al. 2007) individuals in better condition.  Because the quality of individuals 
is determined by their phenotypes, cohort quality will depend on the phenotypic 
composition of the cohort.  Phenotypic heterogeneity provides the opportunity for 
selection to occur and as such, selective mortality can influence the success of settlers, 
recruitment strength and population density. 
Many metrics of juvenile (i.e., post-larval) quality are determined by experiences in the 
larval stage (i.e., carry-over effects).  Consequently, the developmental history of an 
individual can strongly influence its future success.  Studies on both invertebrate 
(Pechenik et al. 1998, Phillips 2002, Marshall et al. 2003a, Marshall et al. 2003b, 
Pechenik 2006, Crean et al. 2011, Allen and Marshall 2014, Chaparro et al. 2014, 
Delorme and Sewell 2014) and vertebrate (Grorud-Colvert and Sponaugle 2006, 
Pechenik 2006, Gagliano et al. 2007, Hamilton 2008, Hamilton et al. 2008, Lonnstedt and 
McCormick 2011, Johnson et al. 2012, Block and Steele 2014, Bowen et al. 2015, Johnson 
et al. 2015, Plard et al. 2015) organisms have found that an individual’s early experiences 
can influence success at both juvenile and adult stages.  For both temperate and tropical 
reef fishes, survival at settlement has been linked to various early life-history 
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characteristics such as size-at-hatch (Vigliola and Meekan 2002, Macpherson and 
Raventos 2005, Raventos and Macpherson 2005), size-at-settlement (Tupper and 
Boutilier 1995, Campana 1996, Cargnelli and Gross 1996, McCormick and Hoey 2004, 
Rankin and Sponaugle 2011a, Block and Steele 2014), and growth rates during the larval 
and/or juvenile stage (Tupper and Boutilier 1995, Campana 1996, Dahlgren and 
Eggleston 2000, Bergenius et al. 2002, Shima and Findlay 2002, Vigliola and Meekan 
2002, McCormick and Hoey 2004, Gagliano et al. 2007, Crean et al. 2011, Rankin and 
Sponaugle 2011b).  Researchers should consider how selection on these traits may 
change with ontogeny, and there is substantial evidence that it does (Schluter et al. 
1991, Hoekstra et al. 2001, Searcy and Sponaugle 2001, Almany 2004, Gagliano et al. 
2007, Johnson and Hixon 2010, D’Alessandro et al. 2013, Sun et al. 2015).  Phenotypes 
that are successful during one life stage may have reduced fitness at the next, and this 
is likely a result of changes in selective pressures an individual experiences as they move 
from the pelagic to benthic environment. 
It is also important to consider the effect of recruitment strength on post-settlement 
processes.  Reef fish populations are often controlled by density-dependent growth and 
mortality (Forrester 1990, Booth 1995, Forrester 1995, Tupper and Boutilier 1995, Shima 
2001b, Lorenzen and Enberg 2002, Shima 2002), and elevated recruitment may have 
repercussions after settlement.  Larvae and juveniles may be attracted to habitat where 
adults are present, but growth and survival may be reduced due to increased 
competition or mortality (Forrester 1995, Tupper and Boutilier 1995, Almany 2004, 
Gårdmark et al. 2006, Rankin and Sponaugle 2014).  Again, the primary cause of density-
dependent mortality for reef fish is often attributed to the interaction between 
predators and refuge availability.  While variability in mortality due to conspecific 
density, habitat complexity and predator assemblages has been studied thoroughly 
(Gilliam and Fraser 1987, Hixon and Beets 1993, Tupper and Boutilier 1997, Beukers and 
Jones 1998, Nemeth 1998, Shima 2001a, Holbrook et al. 2002b, a, Biro et al. 2003a, c, 
Holbrook and Schmitt 2003, Shima and Osenberg 2003, Almany 2004, Doherty et al. 
2004, Forrester and Steele 2004, Hixon and Jones 2005, Johnson 2006, 2007, Shima et 
al. 2008, Hixon et al. 2012, Felix-Hackradt et al. 2013, Stier et al. 2013, Carroll et al. 2015), 
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their effects on selective mortality are often not considered (however, see Brunton and 
Booth 2003, Holmes and McCormick 2006, Johnson 2008, Samhouri et al. 2009, Fontes 
et al. 2010, Smith and Shima 2011, Wormald et al. 2013, Hansen and Beauchamp 2014, 
Johnson et al. 2014, Murphy et al. 2014).  Since predation has been shown to be both 
selective and density-dependent, patterns of selection on newly settled fish have the 
potential to change with recruitment strength. 
1.3 - Study species 
The common triplefin (Forsterygion lapillum) provides an excellent study species for 
experimental evaluations of size- or growth-selective mortality at settlement.  
Forsterygion lapillum is a small bodied temperate reef fish, and is abundant throughout 
most of New Zealand’s coastal shallow waters (Francis 2001, Feary and Clements 2006).  
Individuals hatch from eggs laid on cobbles, and develop as pelagic larvae for 1-3 months 
(Shima and Swearer 2009a).  Larvae (Fig. 1.1A) settle to fronds of macroalgae and then 
move to cobble habitat as juveniles (Fig. 1.1B) (McDermott and Shima 2006), where they 
remain through adulthood.  Larval and juvenile stages of F. lapillum vary in early life-
history traits (e.g., size, age, growth history, condition), and previous work (Shima and 
Swearer 2010, Noonburg et al. 2015, Shima et al. 2015) has shown that these traits can 
influence survival later in life.  Recruitment of larval and juvenile triplefins is also variable 
(Swearer and Shima 2010, Shima and Swearer 2016), so young triplefins potentially 
experience selection over a range of densities. 
1.4 - Thesis research 
This thesis had two main aims: 1) to describe variability in recruitment and early life-
history traits for larval and juvenile stages of F. lapillum, and 2) to investigate the 
presence of selective mortality during this early life period.  In Chapter 2, I compared 
early life-history traits between larval and juvenile F. lapillum, and across temporal and 
spatial scales within each age group.  In Chapter 3, I ran separate predation trials for 
larvae and juveniles over a range of natural densities, and compared the size and growth 
history of consumed and unconsumed triplefins.  Data chapters have been written in the 
format of independent manuscripts to facilitate submission to peer-reviewed journals, 
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and consequently they have their own specific Introductions and Discussion sections.  
 
 
1mm 
1mm 
A 
B 
Figure 1.1: A) A larval Forsterygion lapillum.  Their translucent body and lack of pigments are classic characteristics of 
a pelagic larva. B) A juvenile Forsterygion lapillum.  Juveniles gain colouration in a matter of hours after settlement, 
and become more adult-like in appearance. Photograph credit: Phoebe Caie. 
8 
 
Chapter 2 - Spatio-temporal variability in the early life-history of a 
temperate reef fish 
 
2.1 - Introduction 
Marine organisms typically have complex life-histories with distinct pelagic larval, and 
benthic juvenile and adult stages (Thorson 1950, Roughgarden et al. 1988, Kaufman et 
al. 1992, Bonhomme and Planes 2000, Cowen and Sponaugle 2009, Marshall et al. 2012, 
Kimirei et al. 2013).  Environmental conditions experienced by developing larvae can 
influence growth rates and phenotypes (Blaxter and Holliday 1963, Fisher and Pearcy 
1988, Booth and Hixon 1999, Sponaugle and Pinkard 2004a, b, Sponaugle and Grorud-
Colvert 2006, Beukema and Dekker 2014), both of which may determine the fitness of 
an individual.  In recent years, the presence of carry-over effects, the influence of 
experiences from a previous life stage on a future one, has been found for both marine 
invertebrates (Pechenik et al. 1998, Phillips 2002, Marshall et al. 2003a, Marshall et al. 
2003b, Pechenik 2006, Crean et al. 2011) and vertebrates (Grorud-Colvert and 
Sponaugle 2006, Pechenik 2006, Gagliano et al. 2007, Hamilton 2008, Hamilton et al. 
2008, Lonnstedt and McCormick 2011, Johnson et al. 2012, Bowen et al. 2015, Johnson 
et al. 2015).  As cohorts may be comprised of individuals with many different 
developmental trajectories, early life-history traits of recruits can be quite variable 
(Cushing 1975, Pepin 1991, Campana 1996, Hadfield and Strathmann 1996, Baumann et 
al. 2006, Jenkins and King 2006, Shima and Swearer 2009a, b, Bauer and Miller 2010, 
Shima et al. 2010, Boucher et al. 2013, Johnson et al. 2014, Shima and Swearer 2016).  
Understanding the causes and consequences of this variation remains a substantial 
knowledge gap for both fundamental and applied ecological studies (e.g., Bjørnstad et 
al. 1999, Wilson and Meekan 2001, 2002, Beaugrand et al. 2003, Siegel et al. 2008, 
Whitten et al. 2013, Bastrikin et al. 2014, Hare 2014). 
Studies on early life-history traits, such as growth rates and body size, typically find 
substantial variation within and between cohorts (Houde 1989, Hadfield and 
Strathmann 1996, Searcy and Sponaugle 2000, Meekan et al. 2003, Sponaugle and 
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Grorud-Colvert 2006, Sponaugle et al. 2006, Shima and Swearer 2009a, Shima and 
Swearer 2016).  Although genetics clearly play a role in determining these traits, parental 
effects and developmental experiences can shape the growth and size of marine 
organisms.  Parental effects are known to influence the development and condition of 
offspring, and survival after hatching may depend on yolk provisioning (McCormick 
2006, Donelson et al. 2008), mate choice (Green and McCormick 2005, Donelson et al. 
2008, Green 2008) or timing of reproduction (Cargnelli and Gross 1996, Burgess and 
Marshall 2014).  For most marine organisms, metabolic demands and development 
trajectories can be altered by both food availability and temperature (Fisher and Pearcy 
1988, Houde 1989, Hovenkamp 1990, Houde and Zastrow 1993, McCormick and 
Moloney 1995, Grorud-Colvert and Sponaugle 2011, Fouzai et al. 2015, Günther et al. 
2015). 
Variability in individual quality will have clear effects on individual performance, as some 
offspring will be better suited for competition or predator avoidance (Nicieza and 
Metcalfe 1999, Booth and Beretta 2004).  For example, individuals that are larger may 
monopolise food patches and mates, or refuge from predators.  An appreciation of 
variation within populations has led to the rise of individual based models (Bjørnstad 
and Hansen 1994, Benton et al. 2006, Giacomini et al. 2013), which aim to determine 
how the quantity and quality of individuals interact to influence population dynamics.  
In some instances, a smaller group of better quality individuals may actually outperform 
a larger group made up of poorer quality individuals in terms of population growth 
(Coulson et al. 2006, Burgess and Marshall 2011).  As certain phenotypes may have 
disproportional future success (Shima et al. 2010, Burgess and Marshall 2011, Burgess 
et al. 2012, Shima and Swearer 2016), the proportion of different quality individuals 
could then play an important role in metapopulation connectivity and community 
stability. 
While widespread, patterns of variability in early life-history traits are poorly understood 
for many marine species.  As developmental conditions vary both spatially and 
temporally, early life-history traits will also differ.  For many temperate fish species, 
regions with warmer and nutrient rich waters can elevate growth rates of developing 
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larvae (Blaxter and Holliday 1963, Fisher and Pearcy 1988, Campana 1996, Booth and 
Hixon 1999, Castonguay et al. 2008).  Temporal variability can arise as these conditions 
change from year to year, or even seasonally.  Variation in early life-history traits may 
also be due to differences in life stages, which may be indicative of selective mortality.  
The potential for selection to occur is strongest when variability and mortality are 
highest; many reef fish are known to be variable in traits before settlement, and their 
larvae often experience severe predation at settlement (Doherty and Sale 1985, Planes 
and Lecaillon 2001, Shima 2002, Steele and Forrester 2002, Webster 2002, Doherty et 
al. 2004, Almany and Webster 2005, Heinlein et al. 2010).  As such, differences between 
life stages of the same cohort may be attributable to selective predation around 
settlement.  In particular, growth rates during the larval stage of reef fish appear to 
influence survival at settlement, with predators shown to select for (Booth and Hixon 
1999, Booth and Beretta 2004) or against (Biro et al. 2004, Gagliano et al. 2007, Johnson 
and Hixon 2010) the faster growers within a cohort.  Recruitment rates are notoriously 
variable in the marine environment (Caley et al. 1996, Bjørnstad et al. 1999, Bastrikin et 
al. 2014), and density may vary as a function of early life-history traits.  Higher densities 
may be a result of better growing conditions (indicated by overall fast growth 
throughout the cohort) or greater retention of groups of developing larvae (indicated by 
similar growth pathways throughout the larval stage).  In both of these scenarios, early 
life-history traits may be relatively homogenous and variability would be low.  
Alternatively, if lowered mortality during the larval stage was a result of developing in a 
benign environment, and all phenotypes were equally fit, variability within a cohort 
would be high. 
Here, I evaluate variability in early life-history traits of the common triplefin.  Specifically, 
I characterise temporal and spatial variation in traits of sampled larvae, and of post-
settlement juveniles.  I expect to find differences in early life-history traits over larger 
temporal and spatial scales (i.e. sampling dates and sites furthest apart), but not at the 
finer scales (i.e. day to day variation, or among sites close together).  Secondly, I 
compare distributions of traits between life stages to evaluate preliminary evidence for 
selective mortality operating on larval traits around the time of settlement.  Finally, I 
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evaluate the relationship between larval traits and fish density for both larval and 
juvenile stage F. lapillum.  I anticipate density to be positively correlated with early life-
history traits (i.e., metrics of larval and juvenile quality) for both larval and juvenile stage 
F. lapillum. 
2.2 - Methods 
Forsterygion lapillum (the common triplefin) is a small bodied temperate reef fish, and 
is abundant throughout most of New Zealand’s coastal shallow waters (Francis 2001, 
Feary and Clements 2006).  Individuals hatch from eggs laid on cobble, and develop as 
pelagic larvae for 1-3 months (Shima and Swearer 2009a).  Larvae settle to fronds of 
macroalgae and then move to cobble habitat as juveniles (McDermott and Shima 2006), 
where they remain through to adulthood.  Larvae and juveniles of F. lapillum vary in 
early life-history traits (e.g. size, age, growth history and condition), and previous work 
(Shima and Swearer 2010, Noonburg et al. 2015, Shima et al. 2015) suggests that these 
traits may influence survival of individuals later in life. 
Here, I integrate data from previous publications and evaluate variability in life-history 
traits in a more extensive set of analyses.  Detailed methods of sample collection and 
data acquisition are provided in publications by Shima and Swearer (2009, 2016).  
Briefly, juvenile F. lapillum (hereafter, ‘juveniles’) were collected from artificial 
settlement units at approximately weekly intervals from December 2003 to March 2004.  
Settlement units were deployed in triplicate at each of three sites in Wellington harbour 
and three sites on the adjacent Wellington south coast (Fig. 2.1; see Shima and Swearer 
2009 for details).  Larval F. lapillum (hereafter, ‘larvae’) were collected with light traps 
over a series of four nights in January and six nights in February 2008.  Light traps were 
deployed in triplicate at each of five sites along the eastern side of Kāpiti Island (Fig. 2.1; 
see Shima and Swearer 2016 for details).  Both larval and juvenile sites were spatially 
separated from each other by 1 – 5km; larval sites (i.e. Kāpiti Island) were approximately 
40km north of juvenile sites (i.e. Wellington harbour and south coast).  Although I 
evaluate and interpret variability within and among larvae and juveniles, I note that 
collections of the two life stages were made in different years and locations, and hence, 
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comparisons between ‘life-history stages’ are confounded.  In some of my 
interpretations, I make an implicit assumption that the distributions of measured life-
history traits are robust to location and year. 
I collated a set of early life-history traits measured for larvae and juveniles (Shima and 
Swearer 2009a).  Briefly, aspects of larval growth were described by three variables: 1) 
Figure 2.1 - Sampling locations for larval fish (green), harbour juveniles (red) and south coast juveniles 
(blue).  Larval sites: WB – Waiorua Bay, RP – Rangatira Point, TS – Taepiro Stream, MI – Motungarara 
Island, TP – Tahiririmongo Point.  Juvenile sites:   KW – Kaiwharawhara, SB – Shelly Bay, EB – Eastbourne, 
IB – Island Bay, PB – Princess Bay, MP – Moa Point. 
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‘size-at-hatch’, 2) ‘larval growth rate’, and 3) ‘early larval growth’.  The first two variables 
were estimated from an exponential growth model (see Shima and Swearer 2009): 
𝐿𝑡 = 𝑎 · 𝑒
𝑏·𝑡 
where Lt is the otolith increment width (µm) at time t (d) in the larval stage, a is the 
maximum likelihood estimate of width at t = 0 (i.e., estimated otolith ‘size-at-hatch’), 
and b is the maximum likelihood estimate of instantaneous growth rate (i.e., a measure 
of the “per µm” rate of increase over a short time interval; units = µm·µm-1·d-1; larval 
growth rate).  To facilitate more direct comparisons between larvae and juveniles (that 
completed their larval development), larval growth rates for juveniles were estimated 
after standardising pelagic larval duration to a common length scale (i.e., 59 days, the 
maximum larval age in the larval sample).   
The third aspect of larval growth, ‘early larval growth’ was calculated as the average 
width of the first five daily increments immediately after the ‘hatch check’.  The hatch 
check was identified by an abrupt increase in increment widths.  More detailed methods 
for these measurements can be found in Shima and Swearer (2009a, 2016).  These 
metrics of individual quality provide information on the size of the individual at hatch, 
growth immediately after hatch, and growth throughout the larval development – 
measurements that have been found to influence success of both triplefins and other 
reef fish. 
2.2.1 - Spatio-temporal variability in early life-history traits 
I evaluated spatial and temporal variation in early life-history traits using nested ANOVA 
with the ‘lm’ function of the ‘stats’ package (R Core Team 2015) in R Studio v0.99.484 
(RStudio Team 2015).  I conducted separate analyses for larvae and juveniles, and for 
each of the three aspects of larval growth: ‘size-at-hatch’, ‘larval growth rate’ and ‘early 
larval growth’.  For larval F. lapillum, I nested ‘site’ within ‘date’, and for juvenile fish, I 
nested ‘region’ within ‘date’, and ‘site’ within ‘region’ and ‘date’ (because sites were 
split between two regions: harbour and south coast).  For both larvae (n = 414) and 
juveniles (n = 352), ~10 individuals per site for each collection date were used in the 
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analyses, or all individuals if fewer than 10 were collected. 
2.2.2 - Differences in early life-history traits between life stages 
I explored variation in life-history traits between larvae and juveniles with separate one-
way ANOVAs conducted for ‘size-at-hatch’, ‘larval growth rate’ and ‘early larval growth‘.  
I conducted one-way ANOVAs with the ‘lm’ function of the ‘stats’ package in RStudio.  
Any significant differences between the two groups provide circumstantial evidence for 
selective mortality occurring around the time of settlement, but because data were 
collected at different locations and times, I reiterate that this comparison is confounded. 
2.2.3 - Variability of early life-history traits as a function of density 
I evaluated larval or juvenile density as a function of early life-history traits, using general 
linear models.  For larvae, I estimated ‘density’ as the total number of individuals caught 
in a single night at a given sight (i.e., pooled across replicate light traps deployed to each 
site).  For juveniles, I estimated density as the total number of individuals recovered 
from settlement collectors at each site, standardised by the duration of collector 
deployment.  I calculated averages (across fish collected from a given site on a given 
date) for i) ‘size-at-hatch’, ii) ‘larval growth rate’ and iii) ‘early larval growth’, and then 
evaluated the relationship between each trait and ‘density’ in separate analyses.  For 
juveniles, I also included the interaction between each trait and region (i.e., harbour or 
south coast; an ANCOVA model) because these samples had a clear spatial structure. 
2.3 - Results 
Size-at-hatch of larval stage F. lapillum otoliths (n = 414) ranged from 29.7 to 60.2 µm 
(mean = 40.7, SE = 0.2), and 27.6 to 75.0 (mean = 42.0, SE = 0.4) for juvenile stage F. 
lapillum.  Larval growth rate of larval stage F. lapillum otoliths ranged from 0.028 to 
0.066 µm·µm-1·d-1 (mean = 0.051, SE = 0.001), and 0.017 to 0.057 (mean = 0.036, SE = 
0.001) for juvenile stage F. lapillum.  Early larval growth rate of larval stage F. lapillum 
otoliths ranged from 1.2 to 5.0 µm·d-1 (mean = 2.8, SE = 0.1), and 1.0 to 3.7 (mean = 
2.1, SE = 0.1) for juvenile stage F. lapillum. 
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2.3.1 - Spatio-temporal variability in early life-history traits 
For larvae, I found no significant differences in size-at-hatch among sampling dates (Fig. 
2.2A; F9,369 = 1.886, p = 0.053) or sites nested within dates (Fig. 2.2B; F35,369 = 0.939, p = 
0.572).  I found significant differences in larval growth rate between sampling dates (Fig. 
2.2C; F9,369 = 2.012, p = 0.037), but not among sites nested within dates (Fig. 2.2D; F35,369 
= 1.201, p = 0.207).  However, post-hoc analysis (Tukey’s test) revealed no significant 
differences between sampling dates (p > 0.050), and no discernible patterns were found.  
Early larval growth differed significantly among sampling dates (Fig. 2.2E; F9,369 = 1.926, 
p = 0.047), but not among sites (Fig. 2.2F; F35,369 = 1.347, p = 0.096).  As with larval growth 
rate, post-hoc analysis revealed no significant differences between sampling dates (p > 
0.050), and there were no discernible patterns in early larval growth. 
For juveniles, size-at-hatch differed significantly among sampling dates (Fig. 2.3A; F7,309 
= 13.892, p < 0.001), but not between regions nested within dates (Fig. 2.3B; F8,309 = 
0.677, p = 0.712).  Size-at-hatch did differ significantly among sites nested within regions 
and dates (Fig. 2.3B; F27,309 = 2.035, p = 0.002). Post-hoc analysis (Tukey’s test) found 
several pairwise differences in size-at-hatch between sampling dates (similar means 
denoted by shared lowercase letters on Fig. 2.3A), and size-at-hatch generally increased 
during the sampling season.  However, post-hoc analysis found no significant differences 
in size-at-hatch between sites nested within regions and dates (p > 0.050).  Larval growth 
rate differed significantly among sampling dates (Fig. 2.3C; F7,309 = 7.150, p < 0.001), but 
not between regions nested within dates (Fig. 2.3D; F8,309 = 1.292, p = 0.247).  I also found 
significant differences among sites nested within regions and dates (Fig. 2.3D; F27,309 = 
1.677, p = 0.021).  Post-hoc analysis found several pairwise differences in larval growth 
rate between sampling dates (similar means denoted by shared lowercase letters on Fig. 
2.3C), and larval growth rate was greatest in mid-summer compared to either the start 
or end of the sampling season.  Post-hoc analysis found no significant differences in 
larval growth rate between harbour sites nested within regions and dates, but larval 
growth rates of fish collected on the south coast were significantly lower in Island Bay 
compared to Princess Bay (p = 0.035).  Early larval growth differed significantly among 
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sampling dates (Fig. 2.3E; F7,309 = 11.734, p < 0.001), between regions nested within 
dates (Fig. 2.3F; F8,309 = 3.669, p < 0.001), and among sites nested within regions and 
dates (Fig. 2.3F; F27,309 = 1.874, p = 0.006).  Post-hoc analysis found several pairwise 
differences in early larval growth (similar means denoted by shared lowercase letters on 
Fig. 2.3E), and early larval growth generally increased during the sampling season.  
Juveniles collected from harbour sites grew more quickly during the early larval period 
compared to those from the adjacent south coast.  However, post-hoc analysis did not 
find any significant differences in early larval growth among sites nested in regions and 
dates. 
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Figure 2.2 - Temporal (left column panels) and spatial (right column panels) variation in early life-history traits.  Given 
are average ± SE (error bars) (A, B) size-at-hatch, (C, D) larval growth rate and (E, F) early larval growth in larval F. 
lapillum. 
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Figure 2.3 - Temporal (left column panels) and spatial (right column panels) variation in early life-history traits.  Given 
are average ± SE (error bars) (A, B) size-at-hatch, (C, D) larval growth rate and (E, F) early larval growth in juvenile F. 
lapillum.  Lowercase letters (left panels only) denote groups of similar means as determined by Tukey’s test.  Regions 
(right panels only) are represented by colours: red = harbour, blue = south coast. 
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2.3.2 - Differences in early life-history traits between life stages 
All measured early life-history traits differed significantly between larvae and juveniles 
(Fig. 2.4).  Juveniles had otoliths that were significantly larger at hatch than larvae (Fig. 
2.4A; F1,764 = 9.670, p < 0.001), and also grew more slowly immediately after hatching 
(Fig. 2.4B; F1,764 = 257.100, p < 0.001).  Juveniles also had slower larval growth rate (Fig. 
2.4C; F1,764 = 1208.100, p < 0.001).  
2.3.3 - Variability of early life-history traits as a function of density 
For larvae, density did not differ significantly with either size-at-hatch (F1,43 = 2.829, p = 
0.100), or larval growth rate (F1,43 = 0.981, p = 0.328).  Density was positively correlated 
with early larval growth (Fig. 2.5; F1,43 = 5.408, p = 0.025), indicating that individuals that 
grew quickly immediately after hatch were collected in higher densities.  However, the 
relationship between early larval growth and density was weak (r = 0.091).  
For juveniles, I found no significant effect of size-at-hatch on juvenile density (F1,39 = 
1.495, p = 0.229), and this pattern was consistent between regions (interaction term: 
F1,39 = 1.021, p = 0.318).  In a reduced model without the interaction term, density still 
did not vary significantly with size-at-hatch (F1,40 = 0.583, p =  0.450).  Density also did 
not differ significantly with larval growth rate (F1,39 = 3.149, p = 0.084) and this pattern 
was again consistent between regions (interaction term: F1,39 = 3.909, p = 0.055).  In a 
reduced model without the interaction term, density did not differ significantly with 
larval growth rate (F1,40 = 0.384, p = 0.539).  Density also did not vary significantly with 
early larval growth (F1,39 = 0.265, p = 0.610), and this pattern was consistent between 
regions (interaction term: F1,39 = 3.000, p = 0.091).  In a reduced model without the 
interaction term, density still did not differ significantly with early larval growth (F1,40 = 
0.552, p = 0.462).  In all three analyses, region was not a significant main effect in the 
full model (p > 0.050), but was in the reduced model (p < 0.050); juvenile density was 
significantly higher in the harbour than on the adjacent south coast. 
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Figure 2.4 – Variation in early life-history traits between larvae (n = 414) and 
juveniles (n = 352) of F. lapillum.  Given are average ± SE (error bars) (A) size-
at-hatch, (B) larval growth rate, and (C) early larval growth. 
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2.4 - Discussion 
2.4.1 - Variability in early life-history traits 
As predicted, differences in early life-history traits were found at larger temporal and 
spatial scales, but not at finer scales.  Although early life-history traits varied through 
time for both larvae and juveniles, observed patterns of variation were markedly 
different between the two life stages.  Larvae showed little evidence of interpretable 
variation whereas juveniles showed clear seasonal patterns.  These differences in 
patterns may be due to life stages, years or locations, but could also be a result of the 
differences in sampling period length.  Although larvae were sampled at a much finer 
scale (i.e., nightly sampling over two weeks), juveniles were sampled over a longer time 
period (i.e., roughly weekly intervals over four months).  This helped resolve seasonal 
Figure 2.5 - Density varies as a function of average early larval growth for larval F. lapillium.  Density is 
expressed as the total number of individuals collected for a given site and date.  Fitted line represent results 
of linear model. 
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patterns that were not evident in sampled larvae, but may have been observed if a 
similar sampling method was used.  For juveniles, larval growth rate was greatest at the 
height of summer, which is likely a result of increased water temperature during this 
time.  Size-at-hatch and early larval growth of juveniles increased towards the end of 
summer.  Both of these early life-history traits can be influenced by yolk provisioning 
(e.g., higher yolk quality may produce larger and faster growing offspring), and this may 
represent a bet-hedging strategy by mothers as the season progresses (Maddams and 
McCormick 2012).  Alternatively, this may be an artefact of the shorter development 
window, with only larger and faster growing individuals reaching settlement 
competency at the end of the season. 
Larvae exhibited no spatial differences in early life-history traits, and although there 
were significant among-site differences in both measures of growth for juveniles, only 
early larval growth differed over the larger regional scale.  Juveniles collected on the 
south coast had slower early larval growth than those in the harbour, and this difference 
may be due to environmental differences between the two regions; the harbour is 
thought to be a more beneficial growing environment than the south coast (e.g. warmer 
waters, greater food availability).  Lower nutrient availability and prey abundance on the 
south coast is thought to limit benthic marine communities (Gardner 2000), and could 
also influence fish growth during the early larval stage. 
Contrary to my expectations, density was not positively correlated with all early life-
history traits in either ontogenetic stage.  Only early larval growth was positively 
correlated with density for sampled larvae, and fast growth has been linked to increased 
recruitment in other systems (Bergenius et al. 2002, Wilson and Meekan 2002, Jenkins 
and King 2006, Murphy et al. 2014).  Fast growth is thought to be indicative of favourable 
growing conditions during the larval development period.  If early larval growth can be 
used as a proxy for rate of development, then fast growth (and quicker development of 
swimming ability) could allow individuals to stay onshore, increasing the likelihood of 
settlement.  Groups of pre-competent settlers can be seen schooling near the reef along 
the south coast during summer months (P Caie pers. obs.), and it may be that these 
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individuals are those with faster early larval growth.  Unlike larvae, juveniles exhibited 
no significant relationships between early life-history traits and density, and this 
difference may be attributable to differences in sampling years (i.e. 2003/2004 versus 
2008) or locations (i.e. Wellington versus Kāpiti).  Spatial (Hamer and Jenkins 2004, 
Johnson and Hixon 2010) or temporal (Campana 1996, Robert et al. 2007, Rankin and 
Sponaugle 2011a, Murphy et al. 2014) variability in relationships between early life-
history traits and density have been found in long-term studies in other fish species.  
Alternatively, any relationship between early-life history traits and post-settlement 
juvenile density may be masked if selective mortality on these traits occurs around 
settlement e.g. (Murphy et al. 2014). 
2.4.2 - Potential for selective mortality on early life-history traits 
Assuming that my samples of larvae and juveniles (made in different locations and 
times) provide robust and comparable estimates of early life-history traits for each 
stage, then differences between the two age groups may be indicative of selective 
mortality that occurs around the time of settlement.  Under this assumption, successful 
individuals (i.e., that survive to become juveniles) were those that developed more 
slowly during the larval period.  Selection for the slower growing individuals within a 
cohort contradicts the growth-mortality hypothesis (Anderson 1988, Sogard 1997), but 
has been documented in many other studies (Billerbeck et al. 2001, Lankford et al. 2001, 
Biro et al. 2003b, Biro et al. 2004, Robert et al. 2007, Sponaugle et al. 2011).  Faster 
growth can be detrimental to individuals if food supply does not meet metabolic 
demand, as individuals may starve if unable to alter energetic requirements. 
If selective removal of faster growing individuals is indeed occurring, then the actions of 
predators around the time of settlement may be the cause, (e.g., Steele and Forrester 
2002).  Predation is an important source of mortality during settlement for many reef 
fish, and selection against faster growing settlers may be mediated by the size, condition 
or behaviour of an individual.  Faster larval growth may necessitate increased foraging 
after settlement (e.g. due to increased metabolic demand); searching for food in the 
presence of predators instead of using refuge could increase encounter rates with 
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predators, and elevate predation risk (Billerbeck et al. 2001, Lankford et al. 2001, Biro 
et al. 2004, Biro and Post 2008, Johnson and Hixon 2010).  Greater food intake can also 
increase the size and/or condition of an individual, and predators may selectively 
remove these individuals if they are perceived as more favourable prey items (Pepin et 
al. 1992, Lundvall et al. 1999, Hoey and McCormick 2004, Holmes and McCormick 2006, 
2009). 
2.4.3 - Conclusions 
These results indicate that young F. lapillum vary considerably in their early life-history 
traits.  This variation provides an opportunity for selective mortality to occur.  Larvae 
varied most in their early life-history traits through time, whereas juveniles were 
variable through time and space.  This may suggest that the quality of larvae and 
juveniles varies over these scales, which could result in differences in post-settlement 
success both spatially and temporally.  Selective mortality operating on faster larval 
development around the transition from a pelagic to benthic environment could explain 
differences between larval and juvenile cohorts.  Though the evidence is only 
circumstantial, these observations form the basis for a set of hypotheses that I evaluate 
in the following chapter.
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Chapter 3 -  Predator-induced selective mortality in the early life 
stages of a temperate reef fish 
 
3.1 - Introduction 
Selective mortality is a crucial regulator of phenotypic variation (Hoekstra et al. 2001, 
Kingsolver et al. 2001, Hereford et al. 2004, Kingsolver and Pfennig 2007, Siepielski et al. 
2009), and is important for driving patterns at ecological (Davenport et al. 2014, Johnson 
et al. 2014, Bijleveld et al. 2015) and ultimately evolutionary scales (Day et al. 2002, 
Dmitriew 2011, Taborsky et al. 2012, Svardal et al. 2014).  As the quality of an individual 
is often determined by its phenotype, individual survival and reproduction will co-vary 
with phenotypic traits (Ferguson and Fox 1984, Warner and Andrews 2002, Le Galliard 
et al. 2004).  Marine organisms are well studied in this regard, as many phenotypic traits 
are highly variable and selective mortality is often strong (Sogard 1997, Perez and 
Munch 2010, Johnson et al. 2012, Johnson et al. 2014, Rankin and Sponaugle 2014).  
Selection on body size and growth rates in early life stages may determine year-class 
strength, as these traits have been correlated with recruitment success for various fishes 
(Miller et al. 1988, Jenkins and King 2006, Hamilton 2008, Hamilton et al. 2008, Shima 
and Swearer 2009b, Swearer and Shima 2010).  The quality of recruiting individuals may 
influence population stability and equilibrium (Booth and Beretta 2004, Cowen and 
Sponaugle 2009, Shima and Swearer 2009a, Johnson et al. 2014, Noonburg et al. 2015, 
Shima and Swearer 2016), and as such, selective mortality may play an important role 
in controlling demographic processes within metapopulations.  At an evolutionary scale, 
selective mortality can determine life-history traits such as growth and development 
rates (Reznick 1982, Reznick et al. 1990, Abrams and Rowe 1996, Takatsu and Kishida 
2015) – this has been documented in natural predator-prey interactions (Reznick 1982, 
Davenport et al. 2014) as well as in fisheries where exploitation of stocks has resulted in 
changes in size- and age-at-maturation (Law 2000, Conover and Munch 2002, Gårdmark 
et al. 2003, Olsen et al. 2009, Audzijonyte et al. 2012, Bodin et al. 2012). 
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Size- and growth-selective mortality is well documented for many marine organisms 
(Paine 1976, Bijleveld et al. 2015), particularly fishes (Good et al. 2001, Shima and 
Findlay 2002, Munch and Conover 2003, Biro et al. 2005, Gagliano et al. 2007).  Evidence 
suggests that these traits may be important in determining survival of individuals, 
especially in early life stages such as larvae and juveniles (Hare and Cowen 1997, Sogard 
1997, Booth and Hixon 1999, Good et al. 2001, Holmes and McCormick 2006, Dibattista 
et al. 2007, Holmes and McCormick 2009).  For many decades, is was assumed that larger 
fish were less susceptible to size-selective mortality, and faster growing individuals were 
cumulatively less vulnerable, as they could more quickly attain a larger size than their 
slower growing peers (reviewed in Anderson 1988, Leggett and Deblois 1994, Sogard 
1997).  Although some studies have found that larger or faster growing individuals 
experience increased survival (Rice et al. 1993, Hare and Cowen 1997), support for 
‘bigger-is-better’ and ‘faster-is-better’ is equivocal at best (Hendry et al. 2003, Munch 
and Conover 2003, Holmes and McCormick 2006, Dibattista et al. 2007, Gagliano et al. 
2007, Carlson et al. 2008, Rankin and Sponaugle 2011a). 
Predators represent one of the largest sources of mortality for young fish, and are 
capable of significantly reducing abundance of settling larvae and juveniles in reef 
systems (Doherty and Sale 1985, Carr et al. 2002, Shima 2002, Webster 2002, Doherty 
et al. 2004, Almany and Webster 2005).  As such, predation has the potential to be a 
strong source of selective mortality.  Size-selective predation may favour larger 
individuals if predators are gape-limited (Mattingly and Butler 1994, Persson et al. 1996, 
Nilsson and Bronmark 2000, Scharf et al. 2000), or if access to refuges from predators is 
monopolised by the biggest individuals (Lundvall et al. 1999, Holbrook and Schmitt 
2002). 
As body growth in fish and other marine organisms is often determined by environment 
and resource availability (Houde 1989, Houde and Zastrow 1993, Meekan et al. 2003, 
Grorud-Colvert and Sponaugle 2011, Rankin and Sponaugle 2011a), increased foraging 
can result in faster growth.  While faster growth may allow individuals to reach larger 
sizes sooner, fast growth can also be detrimental to an individual’s success (Billerbeck 
et al. 2001, Lankford et al. 2001, Dmitriew 2011).  For example, if individuals are feeding 
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in the presence of predators instead of using refuge, selective predation may remove 
faster growing and larger individuals (Biro et al. 2004, Gagliano et al. 2007, Johnson and 
Hixon 2010).  Organisms must weigh up costs and benefits of foraging, which will be 
determined by factors including resource availability, environmental risk, energetic 
demands and recent feeding history (Biro et al. 2003b, c, Lonnstedt and McCormick 
2011, Lonnstedt et al. 2012, Hammerschlag et al. 2015).   
Marine fish are also often subject to carry-over effects, i.e., larval experiences or traits 
that influence future success (Pechenik et al. 1998, Bergenius et al. 2002, Shima and 
Findlay 2002, Hoey and McCormick 2004, Grorud-Colvert and Sponaugle 2011).  
Selective mortality may be acting on present morphology or behaviour, but these may 
have been determined by the early life-history of an individual (Wilson and Osenberg 
2002, Sponaugle and Pinkard 2004a, Gagliano et al. 2007, Lonnstedt and McCormick 
2011).  Larval growth has been shown to influence post-settlement survival for reef fish.  
In some instances, fast growth throughout the larval period results in elevated survival 
for juveniles (Vigliola and Meekan 2002, Sponaugle and Grorud-Colvert 2006, Vigliola et 
al. 2007, Shima and Swearer 2010), but other studies have found fast growth during 
particular segments of the larval stage, e.g. shortly after hatching (Vigliola and Meekan 
2002, Macpherson and Raventos 2005, Raventos and Macpherson 2005, D’Alessandro 
et al. 2013), or before settlement (Hoey and McCormick 2004, McCormick and Hoey 
2004, Hamilton 2008, Hamilton et al. 2008, Lonnstedt and McCormick 2011) to be more 
influential on future success. 
Field studies often rely on comparisons of traits within a cohort over time to identify 
shifts in phenotypic distributions (Vigliola et al. 2007, Sponaugle et al. 2011), but 
observed differences may not always be attributable to a single selection event, e.g. 
predation at settlement.  Multiple selection events may occur between sampling times, 
each with their own selection strengths and directions (Schluter et al. 1991, Hoekstra et 
al. 2001, Gagliano et al. 2007, Siepielski et al. 2009, Johnson and Hixon 2010).  This is 
likely to be the case around metamorphosis and settlement of reef organisms, when 
larvae leave the pelagic environment and move to the benthic adult habitat (Dahlgren 
and Eggleston 2000, McDermott and Shima 2006, Lecchini et al. 2007, Snover 2008)  – 
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sampling infrequently during this time frame may not accurately capture the strength 
and direction of selective mortality. 
 Recruitment can be highly variable (Caley et al. 1996, Sponaugle et al. 2002), and young 
fish are likely to encounter selective events at different densities.  Selection processes 
have the capacity to change with conspecific density (e.g., Vigliola et al. 2007, Samhouri 
et al. 2009, Johnson and Hixon 2010, Hansen and Beauchamp 2014), although the 
majority of studies do not consider the role of density in selective mortality at 
settlement for reef fish.  Where predation rates are influenced by prey density, selective 
predation is also likely to change with density (Samhouri et al. 2009, Wormald et al. 
2013, Hansen and Beauchamp 2014, Murphy et al. 2014).  When predation is driven by 
encounter rates, certain phenotypes may be more likely to be encountered at lower 
densities and selective predation will be stronger.  This could occur if the density of prey 
also influences other components of prey vulnerability, such as refuge use (Beukers and 
Jones 1998, Holbrook and Schmitt 2002, Forrester and Steele 2004, Hixon and Jones 
2005, Johnson 2006, 2007, Hixon et al. 2012) or growth rates (Booth 1995, Tupper and 
Boutilier 1995, Lorenzen and Enberg 2002, Gårdmark et al. 2006, Johnson 2008, 
Samhouri et al. 2009). 
The aim of this chapter was to determine if size- or growth-selective predation occurs 
for young Forsterygion lapillum, and if selection patterns change with ontogeny or 
conspecific density.  To address these questions, I exposed young triplefins at two early 
life stages (larval and juvenile stage) to natural predators, and compared the size and 
growth history traits of consumed fish to unconsumed fish.  Predation trials were run at 
three different densities (low, mid and high) to investigate whether patterns of selection 
change with increasing prey density.  I use these experiments to determine if larger or 
faster growing individuals have increased relative fitness as predicted by the ‘bigger-is-
better’ and ‘faster-is-better’ hypotheses.  As many studies find alternating patterns of 
selection through ontogeny, I also expect to find differences in selection on larval and 
juvenile stage F. lapillum.  Lastly, as prey density is known to influence predation rates, 
I expect patterns of selection to differ with density of F. lapillum. 
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3.2 - Methods 
3.2.1 -  Study species 
Forsterygion lapillum is a small bodied temperate reef fish, and is abundant throughout 
most of New Zealand’s coastal shallow waters (Francis 2001, Feary and Clements 2006).  
Individuals hatch from eggs laid on cobbles, and develop as pelagic larvae for 1-3 months 
(Shima and Swearer 2009a).  Larvae settle to fronds of macroalgae and then move to 
cobble habitat as juveniles (McDermott and Shima 2006), where they remain through 
adulthood.  Larval and juvenile stages of F. lapillum vary in early life-history traits (e.g., 
size, age, growth history, condition), and previous work (Shima and Swearer 2010, 
Noonburg et al. 2015, Shima et al. 2015) has shown that these traits can influence 
survival later in life.  Recruitment of larval and juvenile triplefins is also variable (Swearer 
and Shima 2010, Shima and Swearer 2016), so young triplefins potentially experience 
selection over a range of densities. 
3.2.2 -  Fish collections 
I collected larval F. lapillum from Shelly Bay (41o29’71’’S, 174o81’96’’E) and Kau Bay 
(41o28’73’’S, 174o82’94’’E) in Wellington harbour between December 2014 and January 
2015, using light traps (described in Shima and Swearer 2016).  I collected recently 
settled F. lapillum from the same sites in February and March 2015 using artificial 
collectors that simulated algal canopies (described in Shima and Swearer 2009a).   
Collected individuals were returned to Victoria University’s Coastal Ecology Laboratory 
(VUCEL) and maintained in covered glass aquaria for ~24h prior to predation trials.  
Young F. lapillum are preyed upon by a related species of triplefin (F. varium, the variable 
triplefin; Mensink and Shima 2014).  I used F. varium as the model predator in my 
experiments, and collected these individuals from Princess Bay, Wellington south coast 
(41o34’68’’S, 174o79’04’’E) with hand-nets and aided by SCUBA.  Predators were 
maintained in glass aquaria at VUCEL for at least one week prior to predation 
experiments, on a diet of crushed mussels.  Predators were not fed in the 24 hours prior 
to predation trials.   
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3.2.3 -  Mesocosms to evaluate selective predation 
I constructed four mesocosms to test for selective predation of F. lapillum as a function 
of size and/or growth histories.  Mesocosms consisted of shaded 1000L outdoor tanks 
filled with a ~3cm layer of cobble substrate and a single stipe of C. retroflexa to provide 
standardised structural complexity for larval and juvenile stages of F. lapillum.  
Mesocosms were stocked with two predator individuals (adult F. varium), one of three 
densities of prey (F. lapillum), and continuously supplied with a constant flow of sea 
water.  I evaluated selective predation on larval stages and juvenile stages of F. lapillum 
in separate experiments.  Density treatments for larval stages were 10, 20, or 30 fish per 
tank; density treatments for juveniles were 5, 10, or 15 individuals per tank (these 
different treatment levels were based upon typical densities found in the two types of 
collectors; Morton and Shima 2013, Shima and Swearer 2016).  I replicated treatments 
through time (n = 2 trials); and in addition, I doubled the replication for the lowest 
density treatments within each time to increase statistical power. 
For each experiment, I measured the total length (TL) of all F. lapillum to the nearest 
0.1mm, and haphazardly assigned them to density treatments to achieve similar size-
distributions across tanks.  F. varium were similarly measured and haphazardly assigned 
to tanks to achieve an even size distribution across tanks.  F. lapillum (prey) were 
introduced first and allowed to acclimate for at least 1 hour prior to the addition of F. 
varium (predators).  Predators were added at dusk, and tanks were left undisturbed for 
24h (i.e., the duration of a trial).  At the conclusion of each trial, all predators and 
surviving prey were removed and re-measured (facilitating an estimate of the size 
distribution of survivors and of consumed fish; i.e., missing fish were assumed to be 
consumed).  All fish were then euthanized in an ice-slurry, and preserved (predators 
were frozen for future dissection; prey were preserved in ethanol; facilitating estimates 
of otolith-based traits, described below). 
Selection on phenotypes can act on the mean value of a trait (i.e., linear selection), or 
change the variance of the trait (i.e., non-linear selection).  To evaluate the strength and 
direction of the linear selection differential on size (S), I evaluated a multiple regression 
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analysis of relative fitness on standardised size, using methods outlined in Lande and 
Arnold (Lande and Arnold 1983).  Size was standardised by computing the z-score for 
each observation, and each mesocosm (and for each trial) was standardised separately.  
I modelled relative fitness as a function of size (TL), the interaction of size and density 
treatment (using density as a categorical variable), and I included ‘block’ as a random 
effect to account for the two separate trials.  To estimate the non-linear selection 
differential (C), I evaluated the same model using the squared term of standardised size.  
For both selection differentials, I evaluated a full model with the interaction term, and 
where this was found to be non-significant, I evaluated a reduced model consisting of 
only the main effects.  I used the ‘lmer’ function of the ‘lme4’ package (Bates et al. 2015) 
in R Studio v0.99.484 to run both linear and non-linear selection models. 
3.2.4 -  Otolith analyses to evaluate selection based on growth histories 
Sagittal otoliths (‘ear stones’) grow in daily increments (Campana and Neilson 1985) and 
can be used to determine age and growth histories of F. lapillum (Shima and Swearer 
2009a, 2016).  I extracted sagittal otoliths from all fish used in my predation experiments 
(e.g., from the sample of surviving F. lapillum, or recovered from predator guts; Fig. 3.1) 
to infer the age and growth histories of survivors and of consumed individuals.  I had a 
high recovery rate of otoliths from the predator guts; only five larval pairs and one 
juvenile pair could not be recovered. 
Otoliths extracted from predator guts were photographed and sagittal otolith pairs (i.e., 
left and right) were matched based on their size and shape to ensure that only a single 
A B 
 
Figure 3.1: A - Forsterygion varium predator dissected to recover otoliths of consumed prey (F. lapillum) from gut 
contents.  B - A sagittal otolith from F. lapillum isolated from gut contents of predator (10x magnification). 
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otolith from each fish was evaluated.  To expose the daily growth increments, otoliths 
were either soaked in emersion oil for several weeks or polished along the sagittal plane 
with diamond lapping film to expose the post-rostral growth axis.  Otoliths were 
photographed at 400x (or 200x for larger samples) using a digital SLR camera (EOS 70D 
Canon) coupled to a Leica compound microscope.   
I used the Otolith M app in Image-Pro Premier v9.1 (MediaCybernetics, Bethesda, 
Maryland, USA) to count and measure the daily growth increments.  Following the 
general approach of Shima and Swearer (2009a), I estimated pelagic larval duration as 
the number of increments between a conspicuous ‘hatch check’ and ‘settlement check’ 
(for larvae captured in light traps, this was simply the number of increments from hatch 
check to the edge of the otolith).  F. lapillum otolith increments grow exponentially 
during the larval period (Shima and Swearer 2009), and I fit an exponential growth 
model to larval otolith growth chronologies: 
𝐿𝑡 = 𝑎 · 𝑒
𝑏·𝑡 
where Lt is the otolith increment width (µm) at time t (d) in the larval stage, a is the 
maximum likelihood estimate of width at t = 0, and b is the maximum likelihood estimate 
of instantaneous growth rate (i.e., a measure of the “per µm” rate of increase over a 
short time interval; units = µm·µm-1·d-1). I estimated a and b using the ‘nlsLM’ function 
of the ‘minpack.lm’ package (Elzhov et al. 2013) in R Studio v0.99.484 (RStudio Team 
2015). For juveniles, I also estimated their average late larval growth rate as growth 
immediately before settlement has been found to influence post-settlement 
survivorship in F. lapillum (Smith and Shima 2011).  I estimated average late larval 
growth as the average width of the five increments immediately before the settlement 
check.  As my results from Chapter 2 identified similar patterns of ontogenetic 
differences in larval growth rate and early larval growth, I choose to exclude early larval 
growth from the analyses in this chapter. 
I calculated selection gradients to provide analogous information to selection 
differentials (as above) while allowing for correlational selection between covarying 
traits.  To evaluate the strength and direction of linear selection gradients (β) on growth, 
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I ran a multiple regression analysis of relative fitness on standardised variables, using 
methods outlined in Lande and Arnold (1983).  Growth variables were standardised by 
computing the z-score for each observation, and each mesocosm (and in each trial) was 
standardised separately.  Again, I modelled relative fitness for larvae (experiment 1) as 
a function of larval growth rate (b), larval age (PLD), the interaction terms between each 
growth trait and density, and ‘block’ as a random effect.  For juveniles (experiment 2) 
my model also included late larval growth and the interaction term between late larval 
growth and density as predictors.  To estimate non-linear selection gradients (γ), I ran 
similar multiple regression models using the squared term of standardised traits, and 
interaction terms for all variables.  I sequentially removed non-significant, higher-order 
interaction terms to determine a reduced model.  I used the ‘lmer’ function of the ‘lme4’ 
package in R Studio v0.99.484 to run both linear and non-linear selection models. 
3.3 - Results 
Larval stage F. lapillum (n = 140) ranged in size from 23.2 to 30.7mm (mean = 26.5, SE = 
1.3).  Juvenile stage F. lapillum (n = 70) ranged from 22.0 to 30.7 (mean = 25.7, SE = 1.9).  
Larval age ranged from 32 to 69 days (mean = 47.1, SE = 5.6) for larval stage F. lapillum, 
and 37 to 59 days (mean = 45.5, SE = 4.4) for juvenile stage F. lapillum.  Although larval 
and juvenile triplefins were similar in age and size for this sample, the two stages were 
morphologically distinct; all larvae were unpigmented (Fig. 1.1A) and all juveniles (Fig. 
1.1B) had colouration suggesting they were at qualitatively different stages of 
development.  Larval growth rate (b) for larval F. lapillum otoliths ranged from 0.033 to 
0.059 µm·µm-1·d-1 (mean = 0.046, SE = 0.005), and 0.038 to 0.057 µm·µm-1·d-1 (mean = 
0.046, SE = 0.004) for juvenile stage F. lapillum.  For juvenile stage F. lapillum, late larval 
otolith growth ranged from 5.3 to 12.9 µm·d-1 (mean = 9.0, SE = 1.6). 
3.3.1 -  Selective predation as a function of size and density 
For larval stage F. lapillum, linear selection on size was strong and negative (Fig. 3.2A; 
STL = -0.618, SE = 0.059; F1,135 = 108.959, p < 0.001), indicating larger larvae had reduced 
fitness.  Patterns of linear selection were also consistent across densities (interaction 
term: F2,135 = 1.932, p = 0.149).  I evaluated a reduced model using only size as a main 
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effect, and found qualitatively similar results to the full model.  Linear selection on size 
in the reduced model was strong and negative (STL = -0.699, SE = 0.035; F1,137 = 312.502, 
p < 0.001).  I also found negative but weak non-linear selection on size (CTL = -0.129, SE 
= 0.060; F1,135 = 4.613, p = 0.034), indicating a small reduction in variance of size after 
adjusting for linear selection.  Again, the interaction between size and density in the 
non-linear selection model was non-significant (F2,135 = 0.403, p = 0.669), so I evaluated 
a reduced model without the interaction term.   Results from the reduced model were 
qualitatively similar to those from the full model; non-linear selection on larval size was 
negative but weak (CTL = -0.157, SE = 0.051; F1,137 = 9.6104, p = 0.002). 
For juvenile stage F. lapillum, linear selection on size was non-significant (STL = 0.037, SE 
= 0.137; F1,65 = 0.075, p=0.786), but patterns of linear selection were inconsistent across 
densities (Fig. 3.2B; interaction term: F2,65 = 3.580, p=0.034).  I ran pairwise comparisons 
of the linear selection differential on size between density treatments to identify these 
differences.  I found a significant difference between low and mid densities (χ21 = 6.827, 
p = 0.027), but no significant difference between high and low (χ21 = 3.324, p = 0.137) or 
high and mid densities (χ21 = 3.327, p=0.137).  Linear selection was moderate and 
positive in the low density treatment (STL = 0.456, SE = 0.283; F1,17 = 2.583, p = 0.126), 
weak and negative in the mid density treatment (STL = -0.201, SE = 0.142; F1,17 = 1.200, p 
= 0.176), and non-directional in the high density treatment (STL = 0.037, SE = 0.077; F1,27 
= 0.235, p = 0.632).  However, linear selection was not significant in any density 
treatment, and this is likely a result of the relatively high variability of the selection 
differentials.  I also found no significant non-linear selection on size (CTL = 0.0706, SE = 
0.0887; F1,65 = 0.634, p = 0.429), and this was consistent across densities (interaction 
term: F2,63 = 0.917, p = 0.405).  I evaluated a reduced model without the interaction term, 
and the results of the reduced model were qualitatively similar to those of the full 
model; there was no significant non-linear selection on size (CTL = 0.089, SE = 0.0755; 
F1,67 = 1.397, p = 0.241). 
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3.3.2 -  Selective predation as a function of age, larval growth history, and density 
For larval stage F. lapillum, I sequentially removed non-significant interactions from the 
linear selection model to determine a reduced model with only one interaction term.  I 
found significant linear selection on larval growth rate (Fig. 3.2C; βb = -0.167, SE = 0.070; 
F1,129 = 5.605, p=0.018), however, patterns of linear selection on larval growth rate were 
not consistent across densities (interaction term: F2,129 = 13.905, p < 0.001).  I ran 
pairwise comparisons of the linear selection gradients between densities, and found 
significant differences for each comparison (High-Low: χ21 = 27.679, p < 0.001; High-Mid: 
χ21 = 0.179, p = 0.020; Low-Mid: χ21 = -0.209, p = 0.020).  Linear selection on larval growth 
rate was strong in the low density treatment (βb = -0.662, SE = 0.147; F1,31 = 20.365, p < 
0.001), moderate in the mid density treatment (βb = -0.417, SE = 0.087; F1,36 = 22.988, p 
< 0.001), and non-directional in the high density treatment (βb = -0.058, SE = 0.086; F1,56 
= 0.454, p = 0.503).  I found no significant linear selection on larval age (βPLD = 0.004, SE 
= 0.063; F1,129 = 0.005, p = 0.944), and this pattern was consistent across densities 
(interaction term: F2,127 = 1.797, p = 0.170).  In the non-linear selection model, no 
interaction terms were found to be significant, and I evaluated a reduced model with 
only the main effects.  I found no significant non-linear selection on larval growth rate 
(γb = -0.053, SE = 0.058; F1,131 = 2.141, p = 0.146) or larval age (γb = 0.023, SE = 0.049; 
F1,131 = 2.226, p = 0.138). 
For juveniles, I sequentially removed non-significant interactions from the linear 
selection model to determine a reduced model with only one significant interaction 
term.  Linear selection on larval growth rate was negative but weak (Fig. 3.2D; βb = -
0.183, SE = 0.090; F1,62 = 4.240, p = 0.044), indicating juveniles who grew quickly during 
the larval stage had slightly reduced fitness.  This pattern was consistent across densities 
(interaction term: F2,60 = 1.022, p = 0.366).  I found no significant linear selection on larval 
age (βPLD = 0.045, SE = 0.080; F1,62 = 0.323, p = 0.572), and this was also consistent across 
densities (interaction term: F2,58 = 0.282, p = 0.755).  I found no linear selection on late 
larval growth (βLLG = 0.003, SE = 0.092; F1,62 = 0.001, p = 0.972); however, patterns of 
linear selection on late larval growth were not consistent across densities (Fig. 3.3; 
interaction term: F2,62 = 4.776, p = 0.012).  To identify these differences, I rain pairwise 
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comparisons of linear selection between density treatments.  Linear selection in the low 
density treatment was significantly different to that in both the high (χ21 = 8.458, p = 
0.011) and mid (χ21 = 5.935, p = 0.030) density treatments.  There was no significant 
difference in linear selection between mid and high densities (χ21 = 0.050, p = 0.823).  
While linear selection on late larval growth was strong and positive in the low density 
treatment (βLLG = 0.527, SE = 0.233; F1,15 = 5.100, p = 0.039), it was non-directional in the 
mid (βPSG = 0.057, SE = 0.124; F1,15 = 0.213, p = 0.651) and high (βPSG = -0.044, SE = 0.055; 
F1,24 = 0.649, p = 0.429) density treatments. 
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In the non-linear selection model, I found a significant four-way interaction between 
growth history traits and density, so I evaluated a separate model for each density.  All 
interaction terms and main effects were non-significant (p > 0.050), indicating no change 
in variance or co-variance of traits after adjusting for linear selection. 
3.4 - Discussion 
The main purpose of this chapter was to test both the ‘bigger-is-bigger’ and ‘faster-is-
better’ hypotheses using the predator-prey system of F. lapillum and F. varium.  
Additionally, I asked whether patterns of selection change with conspecific density, or 
between ontogenetic stages. 
Figure 3.3 - Relative fitness for juvenile F. lapillum (lines) ± SE (shaded envelopes) varies as a function of standardised late 
larval growth.  Density treatments are shown by colours/lines: green/dotted line = 5 fish/tank, blue/dashed line = 10 
fish/tank, red/solid line = 15 fish/tank. 
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3.4.1 -  Selective mortality on larval stage F. lapillum 
Although linear size-selection was found at all densities for larval stage triplefins, linear 
growth-selection was only found at low and mid densities.  Given that growth rates and 
size should be correlated, this pattern seems counterintuitive at first – however, it may 
be that the mechanism of selection changes with density.  Prey behaviour has been 
found to influence predation vulnerability, and it may be that faster growing larvae are 
more likely to encounter predators, particularly if faster growth is attained through 
increased foraging and food consumption.  Assuming the larger individuals are those 
that are also foraging in the presence of predators, linear size- and growth-selection at 
low and mid densities may be driven by larval F. lapillum behaviour.  Behaviour may be 
less influential at high densities; greater prey abundance may simply result in more 
predator-prey encounters.  As such, predators may actively select certain phenotypes 
over others (e.g., larger larvae regardless of growth history) instead of only consuming 
prey they encounter (e.g., larger larvae with fast growth). This could result in size-
selection at all densities, while also allowing for changes in growth-selection across 
densities.   This is supported further by the finding of negative non-linear selection (a 
reduction in the variance of the trait, independent of changes associated with linear 
selection) occurring on size but not growth rates – as many growth pathways may 
produce individuals of the same size, variability in growth rates was not changed by 
predation. 
Studies on young fish suggest that larger individuals often experience increased survival 
(reviewed in Perez and Munch 2010), and support for the ‘bigger-is-better’ hypothesis 
is typically found in predator-prey systems where the predator is gape-limited.  
However, F. varium were capable of consuming the largest larval or juvenile stage F. 
lapillum in my trials, which suggests that gape-limition does not exists in this predator-
prey system.  This study did not identify the mechanisms of size-selection, but it may be 
that bigger larvae are simply more conspicuous to predators due to their larger body 
size.  F. varium appear to be visual predators (P Caie, pers. obs.), and they may be 
actively selecting larger individuals as they are more profitable prey items.  Other studies 
have also found that ‘high’ condition fish can be selectively preyed upon by predators 
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(Hoey and McCormick 2004, Holmes and McCormick 2009).  Additionally, larger 
individuals may be engaging in riskier behaviour that increases exposure to predators, 
such as elevated foraging rates – if these individuals were foraging instead of using 
refuge, predators may be more likely to encounter and consume larger larvae.  Faster 
growing larvae also had reduced fitness; assuming faster growth is facilitated by 
increased foraging, size- and growth-selective mortality may be a result of foraging 
behaviour (Steele and Forrester 2002, Biro et al. 2003b, c, Biro et al. 2004).  Differences 
in selection intensity across densities have been found elsewhere, with selection 
strongest at low densities and weakest or non-directional at high densities due to 
differences in predator foraging patterns (Hansen and Beauchamp 2014) or trait 
variance (Murphy et al. 2014).   
3.4.2 -  Selective mortality on juvenile stage F. lapillum 
Juvenile stage F. lapillum experienced no size-selective predation.  If growth rates 
influence both the size and behaviour of individuals, a lack of size-selection may indicate 
a reduction in risky behaviour such as foraging in the presence of a predator.  Assuming 
individuals that were more willing to participate in this risky behaviour have been 
removed from the population earlier (e.g., in the larval stage), then selection driven by 
this behaviour will also be removed from later ontogenetic stages (e.g., in the juvenile 
stage).  Alternatively, juveniles may have learnt to avoid or reduce risky behaviour in the 
presence of a predator.  Although F. varium may not be consuming juveniles based on 
size, size-selection may occur in the field through other selection pressures – a previous 
study determined that smaller F. lapillum juveniles are more vulnerable to cannibalism 
by F. lapillum adults (Mensink and Shima 2014).     While linear selection on larval growth 
did occur for juvenile stage F. lapillum, selection against fast larval growth was 
comparatively weaker in the juvenile stage (βb ± SE = -0.183 ± 0.080) than in the larval 
stage at both low (βb = -0.662 ± 0.147) and mid (βb = -0.417 ± 0.087) densities.  The 
opportunity for and potential strength of selection is greatest when variance in relative 
fitness is high (Brodie et al. 1995); this difference in the strength of selection between 
ontogenetic stages may occur if variability in relative fitness has already been removed 
before settlement (i.e., during the larval stage in the field).  Unlike larval stage F. 
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lapillum, juveniles experienced selection against fast larval growth across all densities; 
this may be because the highest juvenile density (n = 15) was comparable to the lowest 
larval density (n = 10) – I may have observed a similar density-dependent pattern in 
selection if higher juvenile densities were used, but the biological relevance of this 
question is limited due to the naturally low recruitment rates of juvenile triplefins in the 
field.  Selection on late larval growth was only found in the lowest density treatment, 
where individuals that had grown quickly immediately before settlement had greater 
relative fitness.  Fast growth in this period may be correlated with higher post-
settlement condition (Searcy and Sponaugle 2001, Hamilton 2008, Shima et al. 2015) – 
recruits with this growth history may also be important for population stability and 
increased adult densities because they tend to have better post-settlement survival 
(Booth and Hixon 1999, Hamilton et al. 2008, Noonburg et al. 2015).  Reef fish with poor 
condition at and shortly after settlement can be more susceptible to predation (Booth 
and Hixon 1999, Booth and Beretta 2004); for fish that grew slowly immediately before 
settlement, there may be pressure to ‘catch-up’ by increasing foraging rates post-
settlement.  As for larval fish, greater foraging in the presence of predators may increase 
vulnerability to predators.  Slow growth immediately before settlement may have other 
physiological costs such as lower swimming speed or slower reaction times, which could 
increase chances of predation.  These ‘poor’ quality individuals may be the only prey 
encountered at low densities, but as density (and predator-prey encounters) increases, 
the cost to relative fitness of this particular phenotype is reduced.   No non-linear 
selection was found on juvenile early life-history traits; although this suggests that there 
were no changes in the variance or covariance of the traits, it may also reflect the 
inherently high variability that is associated with smaller sample sizes.  
3.4.3 -  Conclusions 
This chapter was an attempt to reproduce pulsed selection pressures on young 
triplefins, not long-term trends in selection.  These results highlight how selection can 
change with ontogeny, and it would be unsurprising to find further switches in direction 
or strength of selection as an individual matures.  This work found no evidence that 
larger or faster growing individuals had greater relative fitness, and provides yet another 
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example of carry-over effects in marine organisms.  It also highlights the need for more 
frequent sampling throughout ontogenetic shifts for a more complete appreciation of 
selection directions and strengths, as well as how these may change as a function of 
density. 
Assuming young triplefins experience similar patterns of selective mortality in the field, 
these findings could explain the presence of apparently low quality individuals (e.g. fish 
with slow larval growth) in the juvenile stage.  When larval density is low, faster growing 
individuals have reduced fitness, and poor quality larvae have greater survival to the 
juvenile stage.  At greater densities, selective mortality on growth is removed, and high 
quality individuals are maintained in the cohort.  Although low quality fish may survive 
settlement, longitudinal studies suggest that individuals with this cautious growth 
pathway experience greater mortality throughout the juvenile period (Shima and 
Swearer 2010).  For the common triplefin, living dangerously in the early life stages may 
have greater long-term gains.
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Chapter 4 -  General conclusions 
 
4.1 - Summary of findings 
Both larval and juvenile Forsterygion lapillum show substantial variability in their early 
life-history traits, which suggests cohorts may be composed of individuals of varying 
quality and provide an opportunity for selective mortality to occur.  Although larvae 
exhibited temporal variation in early life-history traits, there were no discernible 
patterns.  However, juveniles showed clear seasonal differences in early life-history 
traits, as well as regional differences for early larval growth and site-specific differences 
for larval growth rates.  These differences in patterns of variability are likely a result in 
the differences of sampling scales; larval F. lapillum were collected at a much finer scale 
(i.e., nightly sampling over two weeks from five sites along a ~5km stretch of coast) 
compared to juveniles (i.e., approximately weekly sampling over four months from two 
different regions – harbour and coastal sites).  In addition, juveniles were also larger at 
hatch and grew more slowly during the larval period compared to larvae, providing 
circumstantial evidence for selective mortality of faster growing individuals around 
settlement.  While early larval growth was positively correlated with density for sampled 
larvae, no relationship was found between early life-history traits and recruitment for 
sampled juveniles.  Correlations between larval growth rates and recruitment strength 
have been found in many other systems (e.g., Bergenius et al. 2002, Wilson and 
Osenberg 2002, Jenkins and King 2006, Fontes et al. 2010) and may be indicative of 
favourable growing conditions during the larval stage resulting in lowered mortality.  No 
relationship between early life-history traits and density for juveniles may be a result of 
spatial or temporal differences in developmental environments (e.g., Meekan and 
Fortier 1996, Robert et al. 2007, Grorud-Colvert and Sponaugle 2011, Rankin and 
Sponaugle 2011a); conditions that drive the relationship between early larval growth 
and density in the year or location that larvae were sampled in may be different to the 
conditions present in the year or location juveniles were sampled in.  Alternatively, if 
individuals with fast early larval growth are indeed removed around settlement, 
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selective mortality may be masking this relationship for juveniles sampled post-
settlement. 
In my predation trials, I found evidence for both size- and growth-selective mortality, 
although patterns of selection changed with both density and ontogeny.  The largest and 
fastest growing larvae were selectively consumed by their predator, however the 
strength of selection weakened as density increased.  Juveniles did not experience any 
size-selection, but were subject to mortality on larval growth traits, suggesting the 
presence of carry-over effects.  As with larvae, juveniles who grew quickly during the 
larval stage were removed by predators, although the strength of selection was 
substantially weaker than that experienced by larvae.  Selection is strongest when 
variance in relative fitness is highest, and juveniles used in the predation trials may have 
already experienced selective mortality on early life-history traits before collection (i.e., 
as larvae).  In contrast to selection on larval growth rate, I found selection for fast late 
larval growth in juveniles; faster growth during this period of development may be 
positively correlated with post-settlement fitness.  As such, these trials would suggest 
that the ‘best’ developmental pathway for the common triplefin is slow growth during 
the larval stage, followed by a period of fast growth immediately before settlement.  
However, as mortality of pelagic larvae typically increases with time spent in the 
plankton (Pepin 1991, Leggett and Deblois 1994, O'Connor et al. 2007, Cowen and 
Sponaugle 2009), very slow growth (and therefore, longer pelagic larval durations) is 
likely to come with its own costs.  As such, larvae likely experience trade-offs between 
growing too quickly (e.g., increased predation vulnerability) and too slowly (e.g., 
increased pelagic mortality rates). 
These results suggest that there is an opportunity for selection to occur in the field on 
early life stages of F. lapillum, with circumstantial evidence for selective mortality 
against faster larval growth.  This preliminary finding is concordant with my predation 
trials, which provide a potential agent of selection – predation around settlement.  
Importantly, these predation trials identified shifts in patterns of selection due to 
ontogeny and density, highlighting the need to consider how the strength and direction 
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of selection can be altered by differences in life stages or conspecific density.  Changes 
in selective mortality with density (Brunton and Booth 2003, Holmes and McCormick 
2006, Johnson 2008, Samhouri et al. 2009, Fontes et al. 2010, Hansen and Beauchamp 
2014, Johnson et al. 2014, Murphy et al. 2014) or through ontogeny (Schluter et al. 1991, 
Hoekstra et al. 2001, Gagliano et al. 2007, Johnson and Hixon 2010, D’Alessandro et al. 
2013, Sun et al. 2015) have been found in other studies, suggesting this may be a 
common feature of selective mortality in the field. 
4.2 - Future directions 
Chapter 2 made use of two datasets collected in different years and at different 
locations.  Although I was still able to describe variability within the cohorts, a more 
accurate analysis could be made from frequent longitudinal sampling of multiple cohorts 
throughout the recruitment season.  Spatial and temporal differences could be 
confirmed by annually sampling at different sites for several years.  This would 
determine how consistent spatial and temporal differences in recruitment and trait 
variability actually are, and would allow identification of phenotypic shifts through 
ontogeny. 
Within each predation trial, my sample size was small (n = 5 to 30), but these densities 
were chosen to represent natural recruitment densities in an attempt to produce 
ecologically relevant results.  My intentions were to run more replicates of each 
treatment to overcome the small sample size, but I was constrained by the length of the 
sampling season and the number of larval and juvenile triplefins I was able to collect.  
Young F. lapillum in the Wellington region are typically only present from late November 
to early March, and recruitment in this year was substantially lower than previous years.  
Despite this, I still found significant selection patterns on growth and size – increased 
replications could have reduced the variability in my results, and improved the strength 
of my findings. 
One considerable limitation to my predation trials is the presence of only a single 
mechanism of selection, namely predation via F. varium.  Forsterygion lapillum are likely 
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consumed by a suite of predators in the field, including adult conspecifics.  Other 
selection processes are also likely to exist concurrently, and these may dampen or 
enhance strength of size- and growth-selective mortality.  Other prey in the field may 
alter selective processes on F. lapillum by reducing rates of predation.  My experimental 
design could not identify the causal mechanism for size- and growth-selective mortality 
– future studies could determine how prey or predator behaviour influences 
vulnerability of larger and faster growing fish.  For example, behavioural tests of prey 
may reveal increased foraging and reduced refuge use in the presence of predators, 
which has been found elsewhere.  Alternatively, predators may actively be selecting for 
the most valuable prey items; identifying prey value, and associated capture and 
handling costs could determine if F. varium conform to optimal foraging theory.
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Appendix 
Appendix 1 – Mortality rates for predation trials 
 Larvae Juveniles 
Density Block 1 Block 2 Block 1 Block 2 
Low (1) 0.40 0.60 0.00 0.40 
Low (2) 0.50 0.30 0.80 0.20 
Mid 0.20 0.40 0.30 0.30 
High 0.27 0.47 0.33 0.27 
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